Abstract The structure and biosynthesis of lignin are not yet fully understood, especially the step following the initial dimerization of monolignol. Liquid chromatograph mass spectrometer (LC-MS) was used to analyze the consumption rates of monolignol dimers formed by b-O-4, b-5, and b-b couplings between coniferyl alcohols in efforts to understand the activity of monolignol dimers in enzymatic dehydrogenative polymerization. We investigated the reaction kinetics in single-component and mixedcomponent reaction systems containing one and two species of the dimers, respectively. A difference was observed between the consumption rates of the three dimers we tested, and the consumption rate of one dimer in the singlecomponent reaction was different from that in a mixedcomponent reaction. In qualitative LC-MS analyses, coniferyl alcohol oligomers were detected in the reaction products. Some monolignol tetramers were formed by 5-5 and 5-O-4 coupling between the dimers. The results of this work suggested that monolignol dimers with b-5 and b-b linkages could function as radical mediators in enzymecatalyzed polymerization.
Introduction
Lignin, along with cellulose and hemicellulose, is one of the major components of wood [1] . In plant cell walls, lignin within cellulose microfibrils performs several important functions for the plant body [2] , such as mechanical support [3] [4] [5] and disease resistance [6] [7] [8] . The main lignin precursors are the three hydroxycinnamyl alcohols (termed monolignols): p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. The heterogeneous structure of lignin is formed by complicated dehydrogenative polymerizations of these monolignols, with specific combinations and relative abundances of the monomers being dependent on the plant types. For example, dicotyledonous angiosperm lignin is derived from coniferyl and sinapyl alcohols with a trace amount of pcoumaryl alcohol, whereas gymnosperm lignin is generated from coniferyl alcohol and a small amount of p-coumaryl alcohol. Grass lignin is made of coniferyl, sinapyl, and pcoumaryl alcohols [1] . Despite its importance in wood cells, the structure and biosynthesis of lignin are not yet fully understood. Therefore, for our further understanding of the structure and formation of lignin, this work seeks to elucidate how macromolecular lignin is synthesized from monolignols.
Studies of the biosynthesis and structure of lignin have been carried out by the in vitro enzymatic dehydrogenative polymerization of monolignols. In lignin biosynthesis, monolignols are formed in the cytosol, transported to cell walls, and then undergo one-electron oxidation catalyzed by enzymes such as peroxidase or laccase [9, 10] . Since peroxidases are known to be common enzymes for lignification [11] , a commercially available enzyme, horseradish peroxidase (HRP), is often used for in vitro reactions [12] [13] [14] . The first step in the formation of lignin is the generation of two free radicals from a mixture of monolignols by enzyme-catalyzed oxidation, followed by coupling to form a dimer. The dimer then undergoes radical coupling with a monolignol, another dimer, or an oligomer. This radial coupling propagates to construct lignin. There are many reports on the dimerization and polymerization of monolignols [10, [13] [14] [15] [16] . However, the specific behavior of monolignol dimers during enzymatic dehydrogenative polymerization has not been investigated in any detail. What we do know is the following. Two modes of lignification-''end-wise'' and ''bulk''-are widely known [17, 18] . The former is a reaction between a monolignol and a monolignol oligomer, and the latter is a reaction between two monolignol oligomers. Currently, the former mode is regarded as the predominant process in lignin formation [19, 20] . However, the reaction rate of enzymatic oxidation of monolignols is far higher than that of dimers, which leads to a large abundance of dimers in the initial stage of lignification. Therefore, coupling/cross-coupling between dimers can occur frequently.
The aim of this study is to investigate the reaction kinetics of monolignol dimers to understand lignin formation in its initial stage. Three major dimers [21, 22] , guaiacylglycerol-b-coniferyl ether (I), dehydrodiconiferyl alcohol (II), and pinoresinol (III), which contain b-O-4, b-5, and b-b linkages, respectively, were used (Fig. 1 ).
Materials and methods

Preparation of coniferyl alcohol and [5-D]coniferyl alcohol
Coniferyl alcohol (CA) was prepared according to previously described methods [21] . [5-D] vanillin was synthesized using deuterium oxide according to a previously published procedure [23] . Condensation of the deuteriumlabeled vanillin with monoethyl malonate followed by reduction using lithium aluminum hydride gave [5-D] coniferyl alcohol (D-CA) [21] .
Preparation of monolignol dimers
Coniferyl alcohol was subjected to an oxidative coupling reaction using silver (I) oxide to obtain monolignol dimers [24] . Three monolignol dimers were produced: guaiacylglycerol-b-coniferyl ether (I), dehydrodiconiferyl alcohol (II), and pinoresinol (III). These three dimers were isolated by flash column chromatography (Agilent 971-FP, Agilent Technologies) using a silica gel column (Super Flash SF, Agilent Technologies) and a mixture of benzene and ethyl acetate as the eluent. The synthesis of I produced diastereomers. The erythro/threo ratio for I was 0.8, according to the intensity of peaks at the b position in the 13 Pinoresinol monomethyl ether ( IV ) 
Preparation of pinoresinol monomethyl ether (IV)
Here, III (0.14 mmol) was dissolved in N,N-dimethylformamide (5 mL). Potassium carbonate (0.084 mmol) and iodomethane (0.14 mmol) were added, and then the mixture was stirred in an oil bath at 60°C. After 1.5 h, the progress of the reaction was checked by thin-layer chromatography (TLC). More iodomethane (0.14 mmol) was added if the reaction was not complete. In our synthesis, 0.56 mmol of additional iodomethane was added. After the reaction, dilute hydrochloric acid was added until the pH of the mixture was adjusted to *3. The solution was then extracted three times using ethyl acetate, and then washed with distilled water four times, and finally once by saturated salt water. The extract was dried by anhydrous sodium sulfate, and the solvent was evaporated. The product, IV, was purified by preparative TLC (yield 35.5 %).
IV 
Enzyme activity
In this study, HRP (Wako Pure Chemical Industries) was used as the enzyme for dehydrogenative polymerization of CA and monolignol dimers. In order to measure the activity of HRP, a 20 mM solution of guaiacol (50 lL) was mixed with 6 mM hydrogen peroxide (50 lL) and distilled water (2.95 mL). After addition of 2.0 lg/mL HRP solution (50 lL), the absorbance of the mixture at 436 nm was measured with an ultraviolet-visible absorption spectrophotometer (V-530, JASCO). The enzyme activity was calculated according to a following Eq. (1) and estimated to be 87.5 units/mg.
where A is the enzyme activity (units/mg), DE s is the increasing rate (per min) of the absorbance of the reaction solution between 5 and 10 min after HRP addition, DE b is the absorbance of the blank solution (without HRP addition), K is 25.5, which is the molar absorption coefficient of tetraguaiacol.
Enzymatic dehydrogenative polymerization
In this study, two systems were employed, a single-component system and a mixed-component system. Their preparation is described in the following sections.
Single-component reaction
A monolignol dimer (I, II, or III), or CA was used as the substrate for the single-component dehydrogenative polymerization reaction catalyzed by HRP. A mixture of the substrate (0.015 mmol) in 1 mL of acetone and 73 mL of distilled water was prepared and stirred at 700 rpm. A 0.01 mg/mL solution of HRP in distilled water (1 mL) and 0.005 % hydrogen peroxide solution (25 mL) were added to the substrate solution while stirring. At a given time, a 3-mL aliquot of the reaction solution was removed and mixed with 1 mL of a 0.01 mg/mL distilled water solution of catalase to stop the enzymatic reaction. The resulting product was freeze-dried, extracted with methanol, and membrane-filtrated (PTFE 0.50 lm, DISMIC-13JP, ADVANTEC) for LC-MS analysis. The experiments were performed in triplicate.
Mixed-component reaction
A mixture of two different monolignol dimers (I ? II, I ? III, and II ? III; 0.5:0.5, mol/mol) was used to investigate mixed-component dehydrogenative polymerization reactions catalyzed by HRP. The dehydrogenative polymerization and sampling were conducted by the same method as that described above for the single-component reaction. The experiments were performed in triplicate.
LC-MS analysis
The samples obtained from the single-component and mixed-component dehydrogenative polymerization reactions were analyzed by LC-MS. The apparatus consisted of an LC system (DGU-20A 3 /LC-20AD/CBM-20A/SIL-20AC/SPD-20A/CTO-20A, SHIMADZU, Japan) fitted with a Luna 5u Phenyl-Hexyl 150 mm 9 2.0 mm column (Phenomenex, USA), and an MS system (API2000, AB SCIEX, USA). Electrospray ionization and positive ion mode were used in this study. The mobile phase consisted of 1 mM trifluoroacetic acid (TFA) in ultrapure water (solvent A, later referred to as A) and a mixture of methanol and acetonitrile (6:1, v/v) (solvent B, later referred to as B). The flow rate was set to 0.2 mL/min, and the temperature of the column was set to 40°C. A UV detection wavelength of 280 nm was selected because guaiacyl lignin compounds derived from CA typically show a UV absorption maximum at 280 nm [25] . The data were analyzed using the Analyst 1. 
Cyclic voltammetry analysis
A monolignol dimer or CA (0.025 mmol) was dissolved in 8 mL of a mixture of acetone and distilled water (3:1, v/v). The solution's oxidation potential was determined by cyclic voltammetry (CV). The CVs were recorded using an Automatic Polarization System (HZ-7000, Hokuto Denko, Japan) connected to a personal computer. The counter electrode was a Pt wire. A Ag/AgCl electrode connected to a saturated KCl solution using a salt bridge was used as the reference electrode, and a Pt disk (diameter 1.6 mm) was used as the working electrode. Prior to the experiment, the working electrode was polished with a slurry containing 0.05-lm alumina particles and then rinsed with distilled water. The scan rate was 100 mV/s. The experiments were performed in triplicate.
Results
Consumption rates of monolignol dimers
The results of the quantitative analyses of the residual ratio of substrates in the single-component dehydrogenative polymerization reactions (Fig. 2) show that the order of consumption rates was III [ II [ I. Figure 3 shows the results of the quantitative analyses for the mixed-component reactions. In the mixed-component reactions containing I, i.e., the mixed-component reactions of I ? II and I ? III, the consumption rate of I increased, and those of II and III decreased compared with the single-component reactions. In the mixed-component reaction of II ? III, the consumption rate of II decreased and that of III increased slightly compared with the single-component reactions.
Oxidation potentials of monolignol dimers
The oxidation potentials of the monolignol dimers (I, II, and III) obtained from CV analyses are reported in Table 1 . There was no significant difference between the three dimers according to the results of the t test. From these results, it is clear that all three dimers have similar oxidation potentials.
Qualitative analyses of reaction products
Monolignol oligomers, i.e., tetramers, hexamers, and octamers, formed by radical coupling between monolignol Figure 4b show that hexamers were also generated in the single-component reaction using I. Figure 5 shows the total ion chromatograms of the single-component reaction products of II. In this figure, the m/ z range for chromatogram (A) was set to 674-744 to detect the monolignol tetramers derived from II, the m/z range for chromatogram (B) was set to 1030-1100 in order to detect the monolignol hexamers derived from II, and the m/ z range for chromatogram (C) was set to 1386-1456 in order to detect the monolignol octamers derived from II. In Fig. 5a , peaks appearing at 75. 8 II + III Fig. 3 The time course of residual ratio of the monolignol dimers in the mixed-component reactions. Those in the single-component reactions were each described on a same figure for reference 
5-O-4 [II(5-O-4)II]
linkages, respectively, in the same manner as described above, except that the increase in the molecular weight of the tetramers derived from D-II was 0 and 1, respectively, compared with those of the tetramers from II. Figure 5b , c show that octamers and hexamers are generated in the single-component reaction using II.
The total ion chromatograms of the single-component reaction products from III are shown in Fig. 6 . In this figure, the m/z range for chromatogram (A) was set to 674-744 to detect the monolignol tetramers derived from III, and the m/z range for chromatogram (B) was set to 1030-1100 to detect the monolignol hexamers derived from III. In Fig. 6a , two peaks at 101.6 and 114.9 min were assigned to tetramers linked via the 5-5 [III(5-5)III] and 5-O-4 [III(5-O-4)III] linkages, respectively, using the same analysis method described in the previous paragraph. The molecular weights of the tetramers from D-III were 2 and 3 higher than those from III, respectively. Figure 6b shows that hexamers are also generated from the singlecomponent reaction using III.
The reaction products from the mixed-component reactions were investigated by LC-MS. In LC according to assumed m/z of monolignol tetramers, hexamers, and octamers derived from II. Mass spectra of the monolignol tetramers derived from II and D-II are also described chromatograms obtained for the mixed-component reactions, peaks corresponding to the single-component reaction products were detected, and some peaks were also detected that were not detected in the single-component reactions. This result shows that monolignol oligomers derived from the radical couplings of different types of monolignol dimers were formed during the mixed-component reactions.
Discussion
Consumption rates of monolignol dimers in singlecomponent reactions
In the dehydrogenative polymerization of monolignol dimers catalyzed by HRP, a radical of a monolignol dimer was generated by association between the active site of HRP and the phenolic hydroxyl group on the monolignol dimer. The opportunity for association between a molecule and an enzyme increases as the number of phenolic hydroxyl groups on the substrate increases. Therefore, one reason that the consumption rate of III was higher than those of I and II is the difference in the number of phenolic hydroxyl group present. The reactions involving HRP and monolignol dimers may not be accurately represented by Michaelis-Menten kinetics, because the reaction products can act as substrates. We assumed that the early stage of these reactions were second-order to estimate the kinetics of monolignol dimers in enzymatic dehydrogenative polymerization. In a second-order reaction, the rate equation is represented by Eq. (2).
where [A] is the concentration of the substrate (mmol/L), t is time (min), and k is the rate constant. The rate constants (k) for the early stage of the singlecomponent reactions (reaction time: 0-3 min) for CA, I, II, and III, calculated by Eq. (2), were 202, 0.63, 3.2 and 7.5, respectively. The rate constant for I was 20 % of that of II, and that of III was 234 % of that for II. Pinoresinol monomethyl ether (Fig. 1, IV) was synthesized to estimate the effect of the number of phenolic hydroxyl groups on the consumption rate for the single-component reaction. The rate constant for IV was 84 % of that of II. Therefore, the rate constant for III was nearly twice that of II and IV. These results tell us that the number of phenolic hydroxyl groups present on monolignol dimers have an effect on their reaction rates.
However, the result that the consumption rate of I was much lower than those of II and IV cannot be explained by this rationale, since the number of phenolic hydroxyl groups on these molecules is the same. As another factor affecting the consumption rates of the oxidation of monolignol dimers was thought to be the oxidation potentials, the monolignol dimers were subjected to CV analysis. The results showed that the oxidation potential of the phenolic hydroxyl group on different monolignol dimers have similar values. Therefore, the difference in the consumption rates among the dimers must be due to another factor, such as the substrate specificity of the enzyme. Recall that, in this study, we used HRP as the enzyme for dehydrogenative polymerization. It was previously reported that HRP and Arabidopsis thaliana peroxidase A2, which is 95 % identical to HRP A2, catalyzes the dehydrogenative polymerization of CA, although this enzyme did not efficiently polymerize sinapyl alcohol, probably due to steric hindrance [26, 27] . Steric hindrance between substrates and HRP was not only due to amino acid residue on the entrance to the active site, but was also due to the molecular volume of the substrate [28] . In the case of sinapyl alcohol, steric hindrance occurs between the methoxy group of sinapyl alcohol and the backbone atoms of Ile138 and Pro139 residues which are located in the active site of HRP and other plant peroxidases belonging to class III peroxidase [26, 27] . These findings were obtained in studies conducted on monolignols, not monolignol dimers. However, they are useful for the discussion of the oxidation activity of HRP with both monolignol dimers and oligomers. Earlier in this paragraph, it was suggested that the substrate specificity of HRP is related to the steric structure of the substrate. The steric structures of the three monolignol dimers used in this study in aqueous solution are different. Therefore, their accessibilities to the enzyme should also be different. This difference probably affected the consumption rate of each monolignol dimer.
Consumption rates of monolignol dimers in mixedcomponent reactions
The quantity of enzyme and substrate in each mixedcomponent reaction were the same as those in the singlecomponent reactions. Therefore, the contact frequency between the substrate and the enzyme should be the same in all reaction systems, and the consumption rates of the dimers in the mixed-component reactions should be the same as those in the single-component reactions. However, the consumption rates of the dimers in the mixed-component reactions were different from those in the singlecomponent reactions. Furthermore, the consumption rates of the dimers changed in both directions at the same time. Therefore, it is reasonable to hypothesize that another mechanism is responsible for the increase and decrease in the consumption rates of the dimers in mixed-component reactions. One possible mechanism is that radical mediation occurs in the mixed-component reactions of monolignol dimers. Radical mediation has been reported previously in some reactions of phenolic compounds in various mixed-component reaction systems. It was reported that sinapyl alcohol can be oxidized by peroxidases with a low reactivity for sinapyl alcohol in the presence of other phenolic compounds such as hydroxycinnamic acids and CA, as these phenolic compounds act as radical mediators [15, [29] [30] [31] . It was also reported that a large molecular weight compound, such as chlorogenic acid is capable of acting as a radical mediator in HRP-catalyzed reactions [32] . Therefore, radical mediation in HRP-catalyzed dehydrogenative polymerization of the CA dimers should be possible.
The CV analysis shows that the oxidation potentials of all monolignol dimers used in this study were almost identical. Therefore, radical transfer probably occurs in both directions. From the results of the mixed-component reaction of I ? II and I ? III, it is evident that radical transfer occurs mainly from II and III to I. A possible mechanism in which both II and III act as radical mediators in the mixed-component reaction with I is shown in Fig. 7 . When II or III works as a radical mediator, the free radical of II or III generated by HRP withdraws a single electron from I, generating a free radical adduct of I. In such a radical mediation system, the apparent consumption rate of II or III decreases while that of I increases in mixed-component reactions compared with single-component reactions.
Radical transfer occurs when a phenolic hydroxyl group in a dimer contacts another dimer radical. In I ? II and I ? III, the quantity of phenolic hydroxyl groups in I is higher than in II or III because the consumption rate of I was lower than that of II or III. Therefore, it was easier for II and III radicals to contact phenolic hydroxyl groups in I, leading to the preferential transfer of an electron from the II or III radical to I.
Although the reaction rate of III is higher than that of II, radical transfer mainly occurred from II to III in the mixed-component reaction of II ? III. This is probably because the abundance of hydroxyl groups in III was higher than that of II.
Qualitative analyses of reaction products
Free radicals generated at the phenolic hydroxyl group (C-4-OH) of a monolignol can be transferred to C-1, C-5, or C-b [33] , and the radical coupling reactions conducted to produce monolignol dimers result mainly in the generation of I, II, and III [34] . In the same manner, radical coupling reactions between I, II, and III may occur via radicals at C-4-O and C-5 to form 5-O-4 or 5-5 linkages. Indeed, linkages between some of the monolignol tetramers present in the reaction products were identified as being constructed by 5-O-4 and 5-5 linkages. This result is consistent with previous reports about linkages among monolignol dimers and oligomers [35, 36] . In LC-MS chromatograms of all single-component reaction products, shown in Figs. 4a, 5a, and 6a, major peaks for monolignol tetramers with 5-O-4 and 5-5 linkages were recorded. Some previous studies on computer simulations of electron densities and electron paramagnetic resonances suggested that II was hardly oxidized by peroxidase [37, 38] Fig. 7 Conceivable mechanism of II or III as a radical mediator in the mixed-component reaction with I. Generated II or III radical withdraws a single electron from I. Then, free radical adduct of I is generated while II or III turns back to its original state current work, it has been shown that II does participate in the dehydrogenative polymerization catalyzed by HRP, leading to the production of monolignol oligomers.
This study is the first step in the clarification of the polymerization of monolignol dimers. Additional analyses are necessary for a complete understanding of HRP-catalyzed oxidation. In this study, HRP was used as the enzyme for the catalysis of dehydrogenative polymerization of monolignol dimers. As described in the introduction, HRP has been used as the primary enzyme in the study of lignification. In this study, we also used HRP as a model enzyme to find new insights into the early stage of lignin polymerization. However, HRP actually does not work for lignification in vivo. In the future, we would like to conduct additional studies using enzymes that have functionality in natural lignification, so that an understanding of the mechanism of the action of monolignol dimers and oligomers in lignification of plant cell walls can be gained.
Conclusion
Monolignol dimers I, II, and III derived from CAs were oxidized in the presence of HRP and H 2 O 2 , resulting in the formation of monolignol oligomers by radical coupling reactions. There was a significant difference in the consumption rates of these dimers. The consumption rate of III was the highest among the three dimers. One of the causes of this result is likely that III contains twice the number of phenolic hydroxyl groups as I and II. There was very little difference in the oxidation potentials measured for the dimers, which implied that the reaction rate of the dimers was not related to the oxidation potential. After conducting the reaction for 3 h, both the single-component and mixed-component reactions produced monolignol tetramers and hexamers derived from the monolignol dimers, as detected by LC-MS analyses. Furthermore, monolignol octamers were detected in the products of the reaction systems containing II. The monolignol tetramers were identified in the products of single-component reaction systems, and were shown by MS analysis to be formed by 5-5 and 5-O-4 couplings between the monolignol dimer units. HRP-catalyzed oxidation reactions utilizing a mixture of dimers indicated that monolignol dimers can function as radical mediators. In plant cell wall biosynthesis, cellulose and hemicellulose are synthesized first, and then the cell walls are lignified [39] [40] [41] . The reaction mechanism that proceeds via radical mediation is thought to be an effective and efficient process by which lignification can occur in the narrow space between polysaccharides.
